As demonstrated in many studies ischemic brain injury causes microcirculatory disturbances which is reflected in changes in the rheological behavior of blood. This is caused by multifactorial interaction be tween blood cells and damaged endothelium in the capil lary network with release of tissue metabolites and by products of cellular injury with resulting increased cellu lar permeability producing a volume shift into the interstitium and, subsequently, a rise in the hematocrit density. Drop in perfusion pressure produces an increase in whole blood viscosity. By means of an oscillating cap illary rheometer and densimeter, the viscous and elastic parts of the complex viscosity of whole blood and plasma were measured from the ipsilateral internal jugular vein in 17 patients with unilateral occlusive carotid lesions during different stages of carotid endarterectomy. Our results show that fluid characteristics deteriorated significantly Several have documented increased whole blood viscosity in arterial occlusive diseases (Anadere et aI., 1979; Craveri et aI., 1987; Koppensteiner et aI., 1988; Walitza et aI., 1988). This phenomenon has been also observed in patients with focally reduced cerebral blood flow (Grotta et aI., 1982; Lechner et aI., 1987; Ott et aI., 1974). These studies give us a clue to approaching microcirculatory disturbances.
during carotid clamping with increase in whole blood vis coelasticity and plasma density, although collateral circu lation was judged sufficient in the angiogram and cerebral perfusion pressure. These parameters not only returned to their initial value, but a significant amelioration was observed after installation of an intraluminal indwelling shunt as a response to improved orthograde flow and an enhanced shear velocity. We conclude that an increase in whole blood viscosity does correlate with decreased ce rebral blood flow. This response is immediate. Hemato crit density increases significantly as a result of fluid shift into the interstitium. These changes are reversible if blood flow is promptly restored. Key Words: Blood vis coelasticity-Plasma density-Blood density-Intralu minal shunt-Carotid endarterectomy-No-reflow phe nomenon.
Ischemia can produce a perfusion defect in mi crovessels, which results in aggregation of erythro cytes and in stimulation of platelets and polymor phonuclear leucocytes (PMNL) followed by pro duction and release of substances that cause vasoconstriction, enhanced vessel patency, and fur ther chemotaxis (Bagge and Branemark, 1979; Litwin and Chapman, 1970) . As blood flow and shear rate decrease to very low levels, complex vis cosity markedly increases (Sakuta, 1981 (Johnson and Keagy, 1985) . The de formability is affected mostly by the viscosity of blood cell cytoplasm. Aggregation is modified by proteins (fibrinogen and globulin), the state of the cell membrane, and the ionic concentration of the fluid.
Of these factors, hematocrit plays the most im portant role, the viscosity almost doubles at a he matocrit of 50% compared to that at 35% (Charara et al., 1985) . Hemodynamically relevant arterial stenoses increase blood viscosity in the in-flowing organ. Responsible for this reaction are not so much changes in the metabolic process through oxygen and substrate deficits, but the decrease in velocity itself (Gaehtgens et al., 1985; Dahinden et al., 1983) .
The flow characteristics of blood are dependent, among other things, on the degree of thrombocyte and PMNL stimulation produced by collision, but mostly through intercellular and endothelial contact (Kenner, 1982; Schmid-Schonbein et al., 1980) . 
METHOD
During a 3-month period, 17 patients (10 men, 7 women: mean age 66.7 years) undergoing carotid endar terectomy, with solely unilateral pathological lesions and related ipsilateral symptoms, consented to join this study. All patients had a history of stroke with remittent neuro logic symptoms. Five patients had diabetes mellitus; all were hypertensive with good response to nifedipine (Ad alat, Bayer, F.R.G.) therapy. Preoperative blood count and coagulation parameters were nonpathological. The cerebral perfusion reserve was assessed by measuring the middle cerebral arterial velocity with a transcranial Doppler probe. No difference was noticed compared to the contralateral side. Patients with bilateral carotid in volvement or neoplastic disease were excluded.
During the operation, blood pressure was kept at 20% over the baseline value, but no less than 150 mm Hg. After careful preparation of the carotid bifurcation, a Drum Cartridge catheter with 1. 1 mm bore was installed into the internal jugular vein 5 cm cephalad. Following the administration of 5,000 IU Na-heparin i.v., and after the first 5-ml blood sample was discarded, two potassium EDTA 5-ml test tubes (Vacutainer) were filled and blood viscoelasticity and plasma density measured with the os cillating capillary rheometer and densimeter (OCR-D, A.
Paar KG, Graz, Austria) at 20°C, according to the method of Thurston (1972 Thurston ( , 1979 as modified by Chmiel et al. (1976) , Kenner et al. (1977) , Kratky et al. (1973) , and Moser et al. (1980) . A capillary tube 100 mm in length with a 0.4928-mm bore was filled with sampling blood. The test substance was measured under oscillatory flow produced by an apparatus vibrating at 2 Hz. The pressure p necessary to induce the pulsatile flow V in the coupling fluid was measured by a pressure transducer. A fre quency separation analyzer indicated the angle between pressure and flow volume as well as two further electrical signals e, corresponding to flow volume, and ep, corre sponding to pressure (Fig. 2) . Combined with a defined constant K, it was possible to calculate 1) ' and 1) " .
Analysis was performed at a shear rate of 1 and 2 s -1, which corresponds closely to capillary circulation (Ken ner, 1982; Schneditz et aI., 1987) . The plasma viscoelas ticity and density values were assessed after separation of plasma by conventional centrifugation of the first tube for 5 min at 4,OOOg and blood viscoelasticity and density from the whole blood out of the second tube. Hematocrit was determined with a microhematocrit centrifuge. The den sitometer worked at a resolution of 10-4 g/cm. Flexibil ity, aggregation, and shear resistance were computed from these measurements. Further sampling and assessments were carried out in 5 . Median deviation and 25th-75th percentiles of hematocrit density and whole blood density at the six defined phases of operation. Hematocrit density and whole blood density differed below the first and fourth samples (p = 0.0654 and 0.01 9869), below the second and fourth samples (p = 0.021 8 and 0.0249) and below the fourth and fifth samples (p = 0.0040 and 0.0086). the same manner throughout the operative procedure. The second sampling was drawn during clamping before insertion of the shunt, the third one three minutes after shunting, the fourth immediately preceding the patch ar teriotomy closure, the fifth during reclamping, so as to be able to remove the intraluminal shunt and finish the patch closure, and the sixth and last sample at the end of the operation before wound closure. A standardization of the clamping time was rejected because of ethical reasons. It ranged. between 50 and 210 s. The shunting time lay be tween 19 and 33 min. Each patient received 500 ml Ring er's solution at the onset of the operation, at a rate of �20 drops/min. Each received 40 mg dexamethasone (Fortecortin, Hoechst, Germany) i.v. at the same time as 5,000 U heparin i.v. 4 min before the first blood sampling.
No other medication which could influence blood viscos ity was administered pre-or intraoperatively.
In one patient the indwelling shunt inadvertently was occluded. This was noticed at the removal of the shunt, where a kinking was found. This case was excluded from statistical analysis and will be discussed separately.
Changes in venous blood viscosity were evaluated and comparative analysis performed with the baseline value measured primarily, at a shear rate of T = 1 and 2 s � I.
For our analysis of the three factors-phase angle, vis cous component, and elastic component-of the whole blood viscosity, the deviation from the normal value of healthy individuals was computed, but for shear resis tance, aggregation, flexibility, blood density, and density hematocrit the absolute values were used. Subsequent measurements were compared to the initial values in the first samplings. Wilcoxon's log rank test for dependent variables and Student's t-test for dependent variables were used for the statistical analysis with the SA S soft ware package (SAS-Institute, Inc., Gary, NC, U. S.A.).
RESULTS
No perioperative neurological incidents were no ticed. Patients were conscious and in constant ver bal contact with the anesthetist.
As shown in Figure 3 and Table 1 ticity, and phase angle increase after clamping and decline during shunt perfusion and after completion of endarterectomy. Between the first and fourth samplings, there was no significantly different alter ation in the viscoelastic phase angle (p = 0.1030).
At shear rates of 1-2 s -) , the difference in alter ation of the deviation of the viscous component from the normal was statistically significant in the second and fourth sampling (p = 0.0372 and 0.0313), p of the elastic component at T = 1 s -) was 0.0605 and at T = 2 s -) 0.0404. A biphasic curve is also present when computed flexibility, shear resis tance, and erythrocyte aggregation are measured ( Fig. 4 and Table 1 ).
A normal distribution was seen only in the mea sured value of aggregation. Therefore, the (-test for dependent variables was used and showed a statis tically significant difference between the first and fourth sampling (p = 0.0366).
As depicted in Fig. 5 and Table 1 , whole blood density (g/ml) and hematocrit specific gravity dif fered significantly in the first and fourth sampling (p = 0.0654 and 0. 0196), in the second and fourth (p = 0.0218 and 0.0249) and in the fourth and fifth (p = 0.0040 and 0.0086). These parameters are deter mined mainly by the water content. No statistical significance was observed in plasma density and viscosity measurements throughout the course of the procedure (Table 1) .
DISCUSSION
Little is known about the degree of neuronal in jury occurring during carotid endarterectomy. Per manent neurological deficits are relatively seldom; they occur in 2 to 10% (Callow and O'Donnell, the phase angle with values of mean, SD, and median (all samples were measured at a shear rate of 1 and 2 s -J)
An increase in whole blood viscosity in presence of arteriosclerotic lesions has been documented in many studies (Anadere et aI., 1979; Craveri et aI., 1987; Grotta et aI., 1982; Koppensteiner et aI., 1988) . Phase of Operation 
